The walleye (Sander vitreus) is a golden yellow fish that inhabits the Northern American lakes. The recent sightings of the blue walleye and the correlation of its sighting to possible increased UV radiation have been proposed earlier. The underlying molecular basis of its adaptation to increased UV radiation is the presence of a protein (Sandercyanin)-ligand complex in the mucus of walleyes. Degradation of heme by UV radiation results in the formation of Biliverdin IXα (BLA), the chromophore bound to Sandercyanin. We show that Sandercyanin is a monomeric protein that forms stable homotetramers on addition of BLA to the protein. A structure of the Sandercyanin-BLA complex, purified from the fish mucus, reveals a glycosylated protein with a lipocalin fold. This protein-ligand complex absorbs light in the UV region (λ max of 375 nm) and upon excitation at this wavelength emits in the red region (λ max of 675 nm). Unlike all other known biliverdin-bound fluorescent proteins, the chromophore is noncovalently bound to the protein. We provide here a molecular rationale for the observed spectral properties of Sandercyanin.
The walleye (Sander vitreus) is a golden yellow fish that inhabits the Northern American lakes. The recent sightings of the blue walleye and the correlation of its sighting to possible increased UV radiation have been proposed earlier. The underlying molecular basis of its adaptation to increased UV radiation is the presence of a protein (Sandercyanin)-ligand complex in the mucus of walleyes. Degradation of heme by UV radiation results in the formation of Biliverdin IXα (BLA), the chromophore bound to Sandercyanin. We show that Sandercyanin is a monomeric protein that forms stable homotetramers on addition of BLA to the protein. A structure of the Sandercyanin-BLA complex, purified from the fish mucus, reveals a glycosylated protein with a lipocalin fold. This protein-ligand complex absorbs light in the UV region (λ max of 375 nm) and upon excitation at this wavelength emits in the red region (λ max of 675 nm). Unlike all other known biliverdin-bound fluorescent proteins, the chromophore is noncovalently bound to the protein. We provide here a molecular rationale for the observed spectral properties of Sandercyanin.
Sandercyanin | walleye | blue protein | red fluorescent protein | UV radiation S andercyanin bound to biliverdin IXα is a blue colored proteinligand complex isolated from the skin mucus of walleye (Sander vitreus), a commercial and sport fish common in North America (1, 2) . Walleye are known to be sensitive to light and prefer being in the shade. Sandercyanin is produced seasonally, on the dorsal side of the fish, peaking in late summer and is found only in walleye that inhabit the northern latitudes (3) . It is well established that the presence of an ozone hole over the North Pole results in increased UV radiation in these latitudes. Schaefer et al. (3) have hypothesized a link between the production of Sandercyanin in walleyes in these lakes and increased UV radiation. UV radiation is known to cause breakdown of heme in blood to biliverdin IXα (BLA) that may be excreted through urine and also secreted through the skin (4, 5) . In the skin mucus, BLA combines with Sandercyaninpossibly produced in sacciform cells in the epidermis of the fish (3) . BLA binding results in the formation of the blue-colored tetrameric Sandercyanin. We propose that this protein complex protects the walleye from UV radiation by acting as a natural sunscreen.
Serendipitously, Sandercyanin also shows interesting fluorescence properties. Fluorescent proteins (FPs) have many applications in cell biology (6) (7) (8) . Genetically expressed FPs are used as biosensors in vivo to monitor a wide range of intracellular phenomena. GFPs from Aequoria victoria (9) as well as other spectral homologs have presented a number of advantages in understanding cellular processes (10) (11) (12) . Of these, far-red-emitting FP variants are of particular interest due to low scattering and high signal-tonoise ratio (13, 14) . In the past decade, near infrared (NIR) fluorescent protein tags developed from bacterial phytochromes have been successfully used in deep tissue imaging in animals (15, 16) . Kumagai et al. (17) recently reported UnaG, a green fluorescent protein from the Japanese eel with bilirubin-inducible fluorescence. Furthermore, there are newly engineered red fluorescent proteins, archearhodopsin (Arch) (18) and CRABPII (19) , which bind to retinoic acid or its analog as their chromophore. Here we report Sandercyanin-the first red fluorescent protein described from a vertebrate-a fluorescent protein with endogenous noncovalent ligand-inducible far-red fluorescence that could be engineered for use in biological applications including deep-tissue imaging.
In this paper, we describe the spectral properties and molecular structures of Sandercyanin. Sandercyanin shows strong far-red fluorescence in the mucosal cells of walleye, when excited by UV radiation (λ max = 375 nm). Monomeric Sandercyanin is an 18.6-kDa protein and is the smallest far-red fluorescent protein discovered to date. Sandercyanin has interesting spectral properties of having a large spectral shift, which makes it distinct from other known fluorescent proteins. Sandercyanin may be engineered as a chromophore-inducible far-red fluorescent protein of small size and large spectral shift with potential use as a fluorescent protein marker.
Results
Structure and Properties of the Native Protein Purified from Walleye.
Sandercyanin was first observed in blue vesicles in the mucosa of the North American walleye (1, 3). Yu et al. (1) have previously reported the purification of the native blue protein from walleye mucus and the partial protein sequence of Sandercyanin, which suggested that it belongs to the lipocalin family of proteins (20, 21) . They also showed that BLA is noncovalently bound to the protein.
Significance
Recently it has been observed that the North American walleye is turning blue. The increased blue color is an adaptation to increased exposure to UV radiation. We identified that the blue pigment (Sandercyanin) is a complex of a protein and biliverdin-a breakdown product of heme. We report here that the blue pigment shows bright red fluorescence when excited with UV light. Elucidation of crystal structures and spectral properties of Sandercyanin lead us to hypothesize that the protection to damaging UV radiation happens by absorption of the UV light and its emission in the lower energy red wavelength. Interestingly, one can think of a number of applications where ligand-induced red fluorescent proteins can be useful.
It was initially thought that the walleye's blue color arose either from a copper-containing compound or a commensal cyanobacterium in the scales of walleye. Several attempts to isolate possible color-producing bacteria failed. We surmised that the protein is coded by the fish genome. We prepared DNA and carried out whole-genome sequencing experiments of the walleye. We determined the full-length gene sequence of the blue protein by partial assembly of the whole genome based on mapping of known internal peptides (1) . The resulting gene sequence encoded for a secretion signal peptide of 19 amino acids in the N terminus of the protein.
Alignment of protein sequence with other proteins in the database shows that Sandercyanin has homology to the lipocalins, apolipoprotein D from Larimichthys crocea (accession no. KKF23255.1) and an unannotated peptide from Tetraodon nigroviridis (accession no. CAF98955.1). We discovered that the isolated blue vesicles show bright red fluorescence (Fig. 1A) when excited with UV light. To understand the molecular basis of binding of BLA and the observed large spectral shift in fluorescence (Fig. 1B) , we solved the crystal structure of native Sandercyanin (Fig. 1C) and extended our studies to include recombinant proteins.
Recombinant Sandercyanin and Its Properties. The gene obtained from the whole-genome sequencing was synthesized without the signal peptide and cloned for bacterial expression. Preliminary expression of Sandercyanin in Escherichia coli resulted in low yield of soluble, functional protein in the cytosol (SI Appendix, Fig. S1A ). However, a significant quantity of Sandercyanin was expressed as inclusion bodies. Inclusion bodies, when solubilized using chemical denaturants and refolded, resulted in pure, monodisperse, and functional protein. This method of protein preparation was hence used for the studies reported here. We observed that Sandercyanin not bound to BLA (hereafter called apo-Sandercyanin) predominantly exists as a small nonfluorescent colorless monomer in nature but oligomerizes to a blue-colored homotetramer of 75 kDa on binding to BLA (BLA is green in color; Fig. 2A and SI Appendix, Fig. S1 B and C). On titration of apo-Sandercyanin with increasing concentrations of BLA, the fraction of tetramer increases. However, there is no observed dimer fraction in any intermediate concentration, suggesting that Sandercyanin dimer is a transient species and that equilibrium exists between monomer and tetramer forms. Circular dichroism studies show that Sandercyanin is made of β-sheets. Binding of BLA to Sandercyanin induces chirality in the BLA as seen from appearance of significant absorbance bands at 375 and 630 nm ( Fig. 2B) (22) .
Spectral Properties of Sandercyanin. Spectroscopic properties of native and recombinant purified BLA-bound Sandercyanin shows absorbance maxima at 280, 375, and 630 nm at physiological pH (pH 7.4; Fig. 2C ) and a strong far-red fluorescence maxima at 675 nm when excited at 375 or 630 nm (Fig. 1B) . BLA, by itself, has a large emission peak of ∼450 nm when excited at 375 nm and negligible fluorescence in the far-red region. Binding of BLA to apo-Sandercyanin results in significantly enhanced redshift in the fluorescence of BLA in its changed environment to far-red region (SI Appendix, Fig. S2A ). Molar extinction coefficient of Sandercyanin-BLA complex (holo-Sandercyanin) at 375 and 630 nm are 21,000 M −1 ·cm −1 and 13,500 M −1 ·cm −1 , respectively, and the quantum yield is determined to be 0.016. It has been reported that the quantum yield of biliverdin dimethyl ester measured at 710 nm in ethanol is 10 −4 (23) . Further, the fluorescence spectrum is broad in the far-red region with minimal overlap with the excitation spectra in the blue region (Fig. 2D ). Our data also show that recombinantly expressed holo-Sandercyanin has similar spectral properties (SI Appendix, Fig. S2B ) to the native protein purified from the walleye mucus.
The K d of binding of apo-Sandercyanin to BLA measured using fluorescence spectroscopy is 6.4 μM (SI Appendix, Fig. S2C ). The binding curve shows positive cooperativity with a Hill constant of 2.1. Sandercyanin does not bind to other BLA-like compounds, including hemin, bilirubin, or esterified BLA derivatives (SI Appendix, Fig. S2D ).
To understand the fluorescence properties of BLA in different environments, we performed experiments with free BLA in a number of solvents and pH conditions. Free BLA shows increased far-red fluorescence on changing its environment from aqueous to hydrophobic medium (SI Appendix, Fig. S3A ). A similar trend was observed on increasing the viscosity of the medium with polyethylene glycol (SI Appendix, Fig. S3B ) and in the pH range of 8.8-9.5 (SI Appendix, Fig. S3C ).
Crystal Structures of Apo-and Holo-Sandercyanin Reveal Molecular
Basis of Ligand Binding. To correlate the biochemical and photophysical properties of Sandercyanin with the atomic structure, we crystallized and determined structures of native and recombinant proteins by X-ray crystallography (Figs. 1C and 3 A and D) . The different forms of the protein crystallized in different conditions of buffer, salt, and precipitant concentrations (SI Appendix, Fig. S4A ). Initially, we determined a structure of native holo-Sandercyanin at 2.2 Å resolution using a multiple-wavelength anomalous dispersion (24, 25) method because there was no homologous model available. Native protein crystals were soaked in AuCl 3 , and data were collected at the Au-LIII edge. Further, structures of recombinant holo and apo forms of Sandercyanin were determined at 1.8 and 2.6 Å resolution, respectively, by the molecular replacement method using the native holo-Sandercyanin structure as a template. All crystal structures show that Sandercyanin is a tightly packed tetramer (Fig. 1C) . In the native and the recombinant BLA complexes, each monomer binds noncovalently to one BLA molecule. Similar to known structures of lipocalins, Sandercyanin structure is an eightstranded antiparallel β-barrel, capped by a long loop closing the barrel and an external α-helix (Fig. 3A) (20, 21) . The barrel encloses a hydrophobic environment around the ligand (Fig. 3B) . Further, there are two conserved intramolecular disulphide bonds (Fig. 3A) at the N and C termini. We also found that native Sandercyanin is N-glycosylated at position (Asn) 83 (SI Appendix, Fig. S4C ). Similar to many secreted proteins in eukaryotes, glycosylation may be essential for its stability in the external environment (26, 27) .
A closer look at the crystal structure shows that BLA is accommodated at the center of the barrel and assumes a ZZZssa configuration (Fig. 3C) (28, 29) . The vinyl groups of rings A and D are buried deep in the cavity, whereas the propionate side chains of ring B and C are located near the entrance of the barrel. The ligand is mostly planar and is stabilized by steric and stacking interactions with aromatic amino acids (Fig. 3D) . The residues Phe-55 and His-108 stack with BLA pyrrole rings B and C, respectively. Mutation of Phe-55 to alanine abolished BLA binding, suggesting that this aromatic stacking interaction plays a crucial role in binding. D-ring rotation in Sandercyanin, which has been extensively studied in bacteriophytochromes (29) (30) (31) (32) , is hindered by Tyr-116 and Tyr-142. We also observed interaction of propionate groups with Lys-57 and Lys-87, which may play a significant role in stabilizing the chromophore in the binding pocket. BLA also forms water-mediated hydrogen bonds (Fig. 3E) with His-108, Asn-77, and Tyr-65 through well-ordered water molecules. To understand the role of the water in the observed fluorescence properties, we carried out experiments to test the change in fluorescence on replacing the proton (H) in the water with Deuterium (D) (H 2 O to D 2 O). An increase in protein fluorescence intensity (quantum yield) on titration of the protein solution with D 2 O was observed (SI Appendix, Fig. S5 A and B) .
To further investigate the structural changes at the ligandbinding pocket, we determined a structure of apo-Sandercyanin. Although apo-Sandercyanin exists as a monomer in solution, it crystallizes as a tetramer, likely due to the high concentration of protein in the crystalline form. The overall structure is highly similar to BLA-bound protein tetramer, without any significant changes at the oligomerization interface. However, in the absence of BLA, the residues of the closing loops Lys-54-Lys-57 are disordered, which supports the observation that BLA-Phe-55 stacking interaction is essential to keep this loop ordered. Further, we observed conformational changes in the residues in the ligand-binding pocket (SI Appendix, Fig. S5C ) near the D-ring and B-ring propionate of BLA; however, their interaction with their neighboring residues in the protein stabilizes them in the absence of the ligand. On comparing the crystal structures of native Sandercyanin purified from walleye mucus to recombinantly expressed holoprotein, we observed conformational changes in the first two residues at the N-terminal Met-20 and Phe-21 (SI Appendix, Fig. S4B ). In native Sandercyanin, Ser-20 is positioned toward the D-ring, whereas Met-20 in recombinant protein is directed outward, flipping the aromatic ring of Phe-21 toward the ligand. However, conformation of BLA remains the same. There are no significant changes in the overall secondary structure and position of the residues involved in glycosylation (SI Appendix, Fig. S4C ). These results suggest that binding of BLA and fluorescent properties of Sandercyanin are minimally perturbed by changes in the N terminus and/or presence of glycosylation.
There are a number of interactions mediated by BLA that seems to stabilize one of the dimeric interfaces (SI Appendix, Fig.  S4D ). The Ser-138 and Leu-135 backbone forms water-mediated H-bonds with C-ring carboxylate and D-ring carbonyl groups, respectively. Moreover, the vinyl group of D-ring coordinates with the hydrophobic residues of the neighboring subunit. These interactions could possibly favor BLA-induced oligomerization in Sandercyanin. The tetramer is formed as a dimer of dimers. The dimer-dimer interface is made up of only protein-protein interaction; this is also stabilized by H-bonding via solvent molecules and hydrophobic interaction between amino acids. Overall, both interfaces present a two-fold symmetrical arrangement of residues (Fig. 1C) . It is not very obvious from the structures why one would not observe a stable dimer form in solution.
Discussion Sandercyanin, present in the North American walleye, binds BLA (a breakdown product of heme by UV radiation), which results in the mucus on the dorsal side acquiring a blue color; it exists as homotetramer, with each subunit having a size of 18.6 kDa and binds BLA in a noncovalent fashion. Our solution-state experiments reveal that oligomerization of Sandercyanin from monomeric apoprotein is promoted by addition of BLA. The observed Hill constant of 2.1 also suggests that BLA binding and oligomerization are interrelated cooperative processes. This protein shows interesting fluorescence properties, and is, by far, the smallest (in sequence), ligand-inducible far-red fluorescent protein reported from a vertebrate. Sandercyanin has one of the largest spectral shifts observed to date among fluorescent proteins characterized, with excitation at 375 nm and emission maximum at 675 nm. The functional and structural properties of native and recombinant Sandercyanin are similar, suggesting that glycosylation has minimal effect on the binding of BLA and spectral properties of Sandercyanin.
Solution studies with free BLA show enhanced red fluorescence with decreased polarity and increased viscosity of its surrounding media. We also observed that BLA fluorescence is pH dependent. Our high-resolution crystal structures of Sandercyanin reveal that BLA binds in a hydrophobic pocket in the center of the barrel. There is substantial pi-stacking interaction and water-mediated H-bonding between the protein and BLA. Our results from the solution studies of BLA, together with functional and structural data of Sandercyanin reported here, lead us to propose that hydrophobicity, specific stacking interactions, and H-bonding network in the ligand-binding pocket enable BLA to dissipate the energy on excitation and generate far red fluorescence with a large spectral shift. Also, previous reports on red fluorescent proteins with intrinsic chromophore suggest that H-bonding and pi-pi stacking interaction play significant role in shifting fluorescence spectra of protein (12, 14) . For instance, mCherry, mKate, and DsRed red fluorescent proteins are engineered for longer emission wavelength by perturbing the interactions between chromophore and the protein (33) .
Lipocalins were initially characterized as lipid-binding proteins. However, a few biliverdin-binding lipocalins have been discussed in literature (1) . These are known to bind biliverdin IX gamma isoform as the chromophore and impart blue color. It is not known, however, if these biliverdin-binding proteins have any fluorescent properties. Sandercyanin is the first lipocalin where biliverdin-inducible fluorescence is demonstrated. A comparison of the structure of Sandercyanin with previously reported Insecticyanin (PDB ID code 1BBP) structure (34) and bilin-binding protein (PDB ID code 1Z24) from Pieris brassicae (35) shows that the interactions between the protein and chromophore are conserved. One would predict that these proteins also show similar changes to biliverdin fluorescence.
Sandercyanin differs from previously reported fluorescent bilinbinding phytochromes (36, 37) on its chromophore binding modes. In phytochromes, one of the pyrrole rings of the chromophore associates covalently with a cysteine of the apoprotein (28, 29) . Sandercyanin structures neither reveal the presence of any cysteine within close proximity to biliverdin nor show any other covalent association. Topologically, the closest residue in Sandercyanin to this cysteine residue in the phytochromes is Asp-47. It is important to note that these proteins have a completely different fold, and hence the mode of binding is very different. Bacteriophytochromes are well-studied photoswitches; their mechanism of photoconversion and structures of biliverdin in red (Pr) to far-red (Pfr) absorption (29) (30) (31) have been determined by time-resolved (30, 38) and pump-probe methods (39) . Despite the difference in topology of the binding site, it would be interesting to study whether Sandercyanin has photoswitching properties similar to bacteriophytochromes. In bacterial phytochromes, it has been proposed that proton transfer and hydrogen bond interactions play a significant role in determining their fluorescence quantum yield (28) . Excited-state proton transfer (ESPT) in GFP (40) (41) (42) (43) and its variant proteins has been known for decades, which is critical in the observed redshift in their fluorescence emission (12, 14, 44) .
Deuterium concentration-dependent quantum yield of the holoSandercyanin suggests that a solvent-mediated proton-relay tautomerization (a variety of ESPT) mechanism may be one of the excited nonradiative processes operative in the fluorescence properties (45) . Replacement of exchangeable hydrogen by slower deuterium is expected to reduce the nonradiative ESPT process leading to increase in fluorescence intensity of Sandercyanin. There are several networks that can be observed from the crystal structure (Fig. 3E) ; this can be either water-mediated, given the presence of wellordered water molecules in the structure (as seen in bacterial phytochromes), or direct interactions with the protein. Saha et al. (46) have proposed the presence of electron transfer pathways as a possible mechanism in redshifted emission of GFP. Understanding of the electron transfer pathways in Sandercyanin would be interesting because they play a role in energy loss during fluorescence, giving rise to large spectral shifts. Future studies will explore proton transfer pathways in Sandercyanin through systematic mutagenesis.
It has been postulated that the interaction of the dipole of the chromophore with asymmetric charge distribution can lead to splitting of energy levels, leading to changes in the fluorescence properties of the chromophore. This effect is called the Stark effect (47) (48) (49) (50) . To elucidate if the Stark effect plays a role in the cause of redshift in the fluorescence of BLA on binding to Sandercyanin, we calculated the electrostatic potential of the Sandercyanin structure using the Adaptive Poisson-Boltzmann Solver. Our calculations reveal significant charge differences in the BLA-binding pocket of Sandercyanin (SI Appendix, Fig. S6) . Linke et al. (51) have used quantum mechanical calculations to describe the direction of the transient dipole of BLA in its different isomerization states. The conformation of the ligand in the structures determined here corresponds to what is described in the paper as ν(C 1 = O) in the ZZZssa geometry. There is a significant electrostatic field that is not perpendicular to the dipole of the BLA. These observations support the idea that the internal Stark effect in Sandercyanin, similar to what has been described for tryptophan in proteins (47) , may contribute to the redshift in the fluorescence of BLA on binding to the protein.
In the future, we aim to engineer stable monomers of Sandercyanin with increased brightness for use as fluorescent protein fusion tags (6-8, 13, 52 ). Low quantum yield and tetramerization of Sandercyanin are undesirable characteristics for in vivo imaging experiments. Further, folding of Sandercyanin in the cytosol may be challenging due to the secretory nature of protein and the presence of multiple disulphide bonds. We are currently attempting to express Sandercyanin in eukaryotic cellular systems. Knowledge of the structure and the residues involved in the interactions with the chromophore will allow us to design mutations that show increased quantum yield. Knowledge of the residues involved in the stabilization of the protein-protein interfaces will allow us to rationally engineer monomeric proteins. This approach is not unique, because the most used fluorescent proteins also started as oligomers and with much lower brightness and were engineered for applications with the knowledge of the structure.
In the context of its natural occurrence in the North American walleye, Sandercyanin present in the mucus absorbs damagecausing UV radiation; it then dissipates this energy by emitting it in lower-energy red wavelength. This phenomenon may be a protective mechanism for walleyes in northern latitudes against increased levels of UV radiation due to recent arctic ozone depletion (3). An alternate explanation for the advantage provided by the blue color is the possible role of Sandercyanin in camouflaging and countershading in walleyes to avoid predation by northern pike (Esox lucius) (3). Our preliminary studies indicate that Sandercyanin shows antioxidant properties and may help walleyes to protect themselves from free radicals in the mucus produced on exposure to UV radiation (SI Appendix, Fig. S7 ). Though the exact mechanism is not known, previous reports reveal that biliverdin is a potential antioxidant in the biliverdin/ bilirubin cycle in the presence of biliverdin reductase and helps cytoprotection (53) (54) (55) (56) . However, Dorazio et al. (57) have recently shown that biliverdin itself may have antioxidant properties, which might be an added advantage for walleyes for survival in their native environment. Schaefer et al. (3) have shown that the number and level of sandercyanin in the mucus of blue walleye increases seasonally, in the summer, as solar UV input increases. This is a remarkable example of nature protecting itself from human pollution by using the very product (biliverdin) formed from that pollution in self-defense.
Materials and Methods
Native Sandercyanin was extracted and purified from the mucus of blue forms of walleye from Northwest Ontario by chromatographic techniques as described previously (1) . A putative amino acid sequence of the protein was determined from crystal structure of the native protein, confirmed, and corrected after partial genome sequencing of blue walleye. The derived sequence was synthesized and cloned into bacterial expression systems for further studies. Published methods were used for cloning, expression, purification, structure determination, and fluorescence measurements, and are described in detail in SI Appendix.
ACKNOWLEDGMENTS.
We thank Karthi Sivaraman in the Next Generation Sequencing Facility at Center for Cellular and Molecular Platforms, Bangalore; Kruttika Phalnikar, C. M. Nithyakala, Linda Westphal-Buth, and Wendie Dockstader for contributions at the early stages of this work; Hassan Behrali, Babu (BM14), and Rosmerie Friemann for data collection; Girish T. S. for critical reading of the manuscript; and the Industrial Macromolecular Crystallography Association -Collaborative Access Team (CAT) and the General Medical Sciences and Cancer Institutes Structural Biology Facility at the Advanced Photon Source-CAT beam line at Advanced Photon Source and the Molecular Biology Consortium beam line (especially Jay Nix) for making available beam time for this project. Special thanks to Lokesh Gakhar for help at different stages. Support for this work was provided from Department of Biotechnology India Grant BT/PR5801/INF/22/156/2012, and partial support from the University of Iowa and the University of Wisconsin (to S.R.). We dedicate this work to the memory of Prof. David T. Gibson, a colleague and friend.
